Common variable immune deficiency (CVID) is the most frequent symptomatic primary immune deficiency in adults. The standard of care is intravenous immunoglobulin (IVIG) or subcutaneous immunoglobulin (scIG) therapy. The cause of CVID is currently unknown, and there is no universally accepted definition of CVID. This creates problems in determining which patients will benefit from IVIG/scIG treatment. In this paper, we review the difficulties with the commonly used European Society of Immune Deficiencies (ESID) and the Pan American Group for Immune Deficiency (PAGID) definition of CVID. We propose new criteria for the diagnosis of CVID, which are based on recent scientific discoveries. Improved diagnostic precision will assist with treatment decisions including IVIG/ scIG replacement. We suggest that asymptomatic patients with mild hypogammaglobulinaemia are termed hypogammaglobulinaemia of uncertain significance (HGUS). These patients require long-term follow-up, as some will evolve into CVID.
Introduction
Common variable immune deficiency (CVID) is the most frequent symptomatic primary immune deficiency in adults. Current estimates suggest a prevalence of approximately one in 25 000 in the general population [1] . Significant ethnic variations exist and the frequency may be lower in some populations such as those in North East Asia [2, 3] .
Patients frequently become symptomatic later in life [4] . Careful clinical history, however, may reveal symptoms in some patients dating back to early childhood. The disorder is characterized by recurrent and/or severe infections, autoimmunity, malignancy and allergic disorders.
CVID probably represents a heterogeneous group of disorders culminating in late-onset antibody failure (LOAF). The genetic basis of these disorders has not been identified in the majority of individuals. It seems likely the majority of CVID patients have a polygenic disorder [5] . Rare patients with single gene defects have been identified. Causative mutations of ICOS, CD19, CD20, CD21 and CD81 lead to a severe cellular or humoral immune defect [6] [7] [8] [9] . Identification of a single gene defect removes these patients from the umbrella diagnosis of CVID [10] .
The significance of mutations and polymorphisms in other genes such as TACI, BAFF receptor and MSH5 is less certain. Mutations of these genes have been identified in healthy people, albeit at a lower frequency than symptomatic individuals [11, 12] . We and others have shown that C104R mutations of the TACI gene do not segregate as expected with symptomatic family members [13] . Current thought is that these genes predispose to CVID rather than cause it. It is possible, of course, that some of these 'healthy' people with mutations of TACI and BAFF receptor may become symptomatic later in life. CVID can present in the seventh and eight decades of life [4] .
Because the cause of the CVID is unknown, there is no universally accepted definition of the disorder. Various diagnostic criteria have been proposed. The definition published by the European Society of Immunodeficiencies (ESID) and the Pan American Group for Immune deficiency (PAGID) in 1999 is commonly used [14] . The ESID/ PAGID diagnostic criteria comprise three parts: (1) hypogammaglobulinaemia with IgG levels two standard deviations below the mean; (2) impaired vaccine responses or absent isohemagglutinins; and (3) exclusion of other causes of hypogammaglobulinaemia.
CVID is thus a diagnosis of exclusion. It is important to note that the patient's symptomatic state and infective sequelae are not part of the ESID/PAGID definition of CVID. This can make it difficult to determine if asymptomatic patients with mild hypogammaglobulinaemia but abnormal vaccine responses have CVID and, more particularly, if they should be treated with intravenous immunoglobulin (IVIG) or subcutaneous immunoglobulin (scIG). The ESID/PAGID criteria were intended primarily for diagnosis, but are often used to make decisions about IVIG/scIG replacement. As discussed below, it is inappropriate to base treatment decisions mainly on vaccine responses, particularly if protective antibody levels are used.
The current standard of care for patients with CVID is lifelong replacement with IVIG/scIG. Studies have shown significant improvement in health outcomes when patients are treated with IVIG/scIG. There is both subjective improvement in quality of life as well as objective improvement in frequency and severity of infections [15] . Immunoglobulin treatment slows progression of complications, including suppurative lung disease.
IVIG use is increasing rapidly, given its efficacy in patients with autoimmune and inflammatory disorders [16, 17] . It is an expensive treatment, and in some parts of the world supplies have been subject to shortages. Attempts have been made by various authorities to ensure that it is used effectively. IVIG/scIG use in single gene defects, such as Bruton's aggammaglobulinaemia, is facilitated by the availability of genetic testing to confirm the diagnosis [18] . In the case of CVID/hypogammaglobulinaemia the indications for IVIG/scIG use can be problematic given the lack of a precise diagnosis and spectrum of severity of the disorder [19] . A scoring system was suggested recently for IVIG/scIG treatment, although difficulties with diagnostic criteria for CVID was not addressed [20] .
In this essay we explore the difficulties with the current definition of CVID and problems this causes in determining which patients should be treated with IVIG/scIG. In the future, studies such as the New Zealand asymptomatic hypogammaglobulinaemia/CVID cohort will assist in validating the proposed definition of CVID, which in turn may facilitate the appropriate use of IVIG/scIG.
Critical analysis of the ESID/PAGID criteria for CVID
The first criterion requires immunoglobulin levels to be two standard deviations below the mean. For most laboratories, the lower limit of normal for IgG (two standard deviations below the mean) is 7-8 g/l. This means that 2·5% of the general population meet this criterion [21] . It should be noted, however, that immunoglobulin levels are not distributed normally and percentiles should be used to determine reference ranges [22] . In clinical practice, patients with slightly reduced IgG levels would rarely be investigated, particularly if they are symptomatically well. Impaired vaccine response is the second and most contentious criterion [13] . The ESID/PAGID diagnostic criteria do not specify which vaccines should be used [13] . Vaccine responses in CVID have been reviewed recently by an expert panel of the American Academy of Asthma Allergy and Immunology (AAAAI) [23] . A single booster dose of diphtheria-tetanus toxoid, conjugated Hemophilus influenzae type B (HIB) and Pneumovax® is often administered to assess the humoral immune response [24] . The Pneumovax® tests the response to carbohydrate antigens, while the other vaccines test responses to protein antigens. Serum is collected at baseline prior to vaccination and then a month later.
There are several problems with the use of each of these vaccines [13] . The tetanus toxoid is an excellent immunogen and many patients with CVID achieve a protective level of 0·1 IU/ml [20] . If they have lower levels, it has been suggested that patients should have a four fold increase in tetanus antibody titres. Many CVID patients are able to achieve a four fold increase in tetanus antibodies [25] . This may be a consequence of generation of tetanus-specific memory B cells prior to antibody failure. When there are higher baseline tetanus antibody levels, a four fold increase may not be achieved even in normal people. We have also questioned the validity of extrapolating responses from simple antigens to complex pathogens in vivo [13] .
Therefore, using protective levels of tetanus antibodies is not appropriate. We suggest that patients' responses should be compared with age-matched controls undergoing immunization. A recent study of adults suggested that a level of 1 IU/ml is achieved by the majority of individuals receiving a single tetanus toxoid dose [26] . This threshold should therefore be applied to patients undergoing tetanus vaccination.
In contrast, diphtheria toxoid is a poor immunogen [21] . Poor responses to diphtheria toxoid are thus difficult to interpret. However, in the same study the majority of adults achieved a level of 1 IU/ml following diphtheria vaccination [26] . In our experience, many otherwise normal individuals do not reach this level following immunization.
Similarly, the response to immunization with conjugated H. influenzae vaccine should be compared with normal people. Recent studies suggest that the majority of children and adults given the conjugated HIB vaccine will reach an antibody level of at least 1 μg/ml [27, 28] . Again, achievement of protective levels of H. influenzae antibodies of 0·15 μg/ml is less useful in assessing the adequacy of the response. The conjugated HIB vaccine has been available for the last two decades [29] . Recent data suggest a dramatic increase in the baseline HIB antibody level in cohorts of children who have received the conjugated HIB vaccine [30] . The response to a single dose of conjugated HIB vaccine may be very different in these vaccinated children compared with unvaccinated adults. This may complicate the assessment of the humoral immune response to this vaccine.
Pneumococcal immunization and assessment of individual serotype responses is the greatest source of difficulty. There are currently two types of pneumococcal vaccine, pneumococcal polysaccharide vaccine (PPV), Pneumovax® and pneumococcal conjugated vaccines (PCV), Prevnar 7® and Prevnar 13®. PCV tests responses to proteins, while PPV tests responses to carbohydrate antigens. Conjugation of polysaccharide vaccines to protein antigens such as toxoids converts them from T cell-independent to T celldependent antigens. Traditionally, PPV has not been administered to children aged less than 2 years, as the humoral immune response has not matured. Furthermore, there is concern that repeated doses of PPV may lead to a state of unresponsiveness [31] . In very young children, responses to carbohydrate antigens can be measured only by detection of isohaemagglutinins provided that the patient is not blood group AB [32] . Similarly, there may be differences in responses to the PPV between middle-aged and elderly adults [33] .
Measuring pneumococcal antibody responses is also problematic. The commonly used World Health Organization's (WHO) ELIZA measures serotype-specific responses to the antigens contained in pneumococcal vaccine. Crossreactive carbohydrate antigens (C group and 22F) can interfere with the assay and must be absorbed out [34, 35] . There is currently no external quality assurance program for this technically challenging assay. Comparison of laboratories performing the WHO ELIZA show considerable variability in results [36] . The results from the WHO ELIZA cannot be compared with other commercially available assays, including the xMAP kit used on the Luminex platform [37] . Opsonophagocytic function has been measured in research laboratories, but is beyond the capability of most routine diagnostic laboratories [38, 39] . The use of IgA and IgM responses to PPV may be useful as vaccine response markers in the future [40] .
There is also no universal agreement as to what constitutes a 'normal' response to the PPV. There are at least five different criteria in the published literature [41] . Currently, the definition formulated by the AAAAI is commonly used, where adults should reach antibody levels above 1·3 μg/ml for at least 70% for each of the serotypes in the vaccine [42, 43] . In children 50% is used. There is further variability, as some laboratories deem either 1 or 2 μg/ml as satisfactory responses [44, 45] . When assessing the PPV responses in immune-deficient patients, protection against mucosal Table 1 
. Proposed definition of common variable immune deficiency (CVID).
A Must meet all major criteria
• Hypogammaglobulinaemia: IgG below 5 g/l for adults [57] • No other cause identified for immune defect [52] • Age > 4 years [21] B Clinical sequelae directly attributable to in-vivo failure of the immune system (one or more criteria) • Recurrent, severe or unusual infections • Poor response to antibiotics • Breakthrough bacterial infections in spite of prophylactic antibiotics • Infections in spite of immunization with the appropriate vaccine, e.g. HPV disease • Bronchiectasis and/or chronic sinus disease • Inflammatory disorders or autoimmunity [58] C Supportive laboratory evidence (three or more criteria)
• Concomitant deficiency or reduction of IgA (<0·8 g/l) and/or IgM (<0·4 g/l) [4, 56] • Presence of B cells but reduced memory B cell subsets and/or increased CD21 low subsets by flow cytometry [59] • IgG3 deficiency (<0·2 g/l) [60, 61] • Impaired vaccine responses compared to age-matched controls • Transient responses to vaccines compared to age-matched controls [62] • Absent isohaemagglutinins (if not blood group AB) [32] • Serological support for autoimmunity in section B, e.g. positive Coombs' test • Sequence variations of genes predisposing to CVID, e.g. TACI, BAFFR, MSH5, etc. [11, 63] D Presence of any one of relatively specific histological markers of CVID (not required for diagnosis but presence increases diagnostic certainty)
• Lymphoid interstitial pneumonitis [64] • Granulomatous disorder [65, 66] • Nodular regenerative hyperplasia of the liver [67, 68] • Nodular lymphoid hyperplasia of the gut [69] • Absence of plasma cells on gut biopsy [70, 71] Meeting criteria in categories ABC or ABD indicates probable CVID. Patients meeting criteria ABC and ABD should be treated with intravenous immunoglobulin/subcutaneous immunoglobulin (IVIG/scIG). Patients meeting criteria A alone, AB or AC or AD but not B, are termed possible CVID. Some of these patients may need to be treated with IVIG/scIG. Patients with levels of immunoglobulin (Ig)G > 5 g/l, not meeting any other criteria are termed hypogammaglobulinaemia of uncertain significance (HGUS). A diagnostic algorithm is shown in Fig. 1 . HPV: human papillomavirus. disease may also be important [23] . Higher levels of pneumococcal antibody may be needed to protect against mucosal disease in comparison with septicaemia [46] .
To add to the difficulty is the observation that up to 18% of individuals diagnosed with CVID have adequate responses to the PPV [25] . Patients with high baseline pneumococcal titres are less likely to achieve a four fold increase in that serotype following vaccination [47] . Some serotypes are more immunogenic (serotype 3) than others (6B and 23F) [23] . It is also uncertain if patients with adequate but short-lived vaccine challenge responses should be considered to have an immune defect [13] . This may reflect an in-vivo defect in immunological memory. Prevnar 13® is now integrated into routine vaccine schedules. This will make it increasingly difficult to assess responses to carbohydrate antigens.
The use of other vaccines, such as the meningococcal vaccine or the typhoid vaccine [48] , have yet to gain worldwide acceptance. In one study, 64% of CVID patients responded to the meningococcal vaccine [49] . Testing responses to other neoantigens such as the rabies virus may be logical, but there are currently few data in immunedeficient patients [50] . Experimental antigens such as ϕX174 are not licensed by the Food and Drug Administration (FDA) and cannot be used in routine clinical practice [51] . In our experience, the absence isohemagglutinins is not commonly used to make a diagnosis of CVID or to make decisions about IVIG/scIg treatment.
The last ESID/PAGID criterion requiring exclusion of secondary causes is the least contentious. Secondary hypogammaglobulinaemia can be caused by a variety of conditions, including gut or renal loss, adverse reactions to drugs. etc. [52, 53] .
This analysis underscores the difficulty in using the ESID/PAGID criteria to determine which patients have CVID and complicates decisions about IVIG/scIG treatment, which are often based inappropriately on vaccine responses alone.
Proposed new definition of CVID
Given that in the majority of patients the cause of CVID is unknown, the proposed new diagnostic criteria are primarily clinical with supportive laboratory evidence. Recurrent and severe infections are a common theme in the majority of CVID patients in large published series [4, [54] [55] [56] [57] . We believe that symptoms are an essential part of the diagnosis as it indicates in-vivo failure of the immune system. As discussed below, it is important to exclude other causes/ predisposing factors for infections. There are small numbers of completely asymptomatic patients who have profound hypogammaglobulinaemia. As discussed below, some of these patients may need to be placed on long-term IVIG/ scIG replacement [13] (Table 1) .
Discussion
It is almost 15 years since the ESID/PAGID criteria were published [14] . There have been many advances in the field since that time, including several genetic discoveries. The proposed new definition incorporates these recent findings. A uniform definition of CVID has many advantages. It will facilitate treatment of individual patients and, in particular, will assist with decisions concerning whether or not to commence IVIG/scIG. A consistent definition may allow comparison of international cohorts of patients. There may be significant ethnic differences in presentation and complications, which may not be apparent if there is no consistent definition of CVID. The use of these criteria may have the added advantage of confirming the diagnosis in patients who have already commenced IVIG/scIG where there is doubt about the original diagnosis. It may obviate the need to stop IVIG/scIG and undertake vaccine responses in many such patients. This process can take several months, and the patient may be vulnerable to infections during the period they have discontinued their IVIG/scIG.
Meeting major criteria in category A is required for consideration of CVID. Patients must have significant hypogammaglobulinaemia compared to age-matched controls. We have suggested an IgG level below 5 g/l, which is the cut-off used by the French DEFI study [57] . This is similar to 4·5 g/l, as suggested previously [21] . It is, however, accepted that some patients with higher levels of IgG may be suitable candidates for IVIG/scIG if they have bronchiectasis for which no other cause has been identified [72] . As emphasized throughout this document, clinical judgement is paramount.
Secondly, other causes of hypogammaglobulinaemia must be excluded, including gut and renal loss as well as drug-and virus-induced immunoglobulin disorders [52] . The probable causes of secondary hypogammaglobulinaemia depend upon the age of the patient. Thorough clinical and laboratory evaluation is critical. Lastly, the diagnosis of CVID may not be secure in very young children who may have other monogenic immune defects [21] . We have chosen a cut-off of 4 years of age, as suggested by Chapel and Cunningham-Rundles [21] . Younger children with an immune deficiency will, of course, need to be treated pending a definitive diagnosis.
Group B criteria must be met. Patients must have at least one clinical sequel from their immune defect. This indicates in-vivo failure of their immune system. The majority of individuals in large series of CVID patients have had increased susceptibility to infections [4, [54] [55] [56] [57] . While there is debate about exactly what constitutes an increased number of infections, the number of infections will, be influenced by socio-demographic factors such as overcrowding, the number of young children attending daycare, etc. Patients with a host defect often need several courses of antibiotics to clear even uncomplicated bacterial infections. It is important to exclude other causes of recurrent infections, including anatomical and functional defects. For example, correction of gastroesophageal reflux may reduce the frequency and severity of chest infections. It is accepted that some patients may have multiple predisposing factors for infections. Clinical judgement is needed to determine the relative contribution of the immune defect to the patient's infections.
In most series of CVID patients there is a minority who present with significant autoimmunity but with minimal susceptibility to infections in spite of severe hypogammaglobulinaemia. These patients qualify as having CVID if they meet category A criteria as well as categories C or D criteria.
Meeting three or more criteria in category C offers laboratory support to the diagnosis. None of these criteria are specific for CVID, but in combination support the diagnosis. A significant proportion of CVID patients have a reduction or deficiency of IgG and IgA and/or IgM [56] . Memory B cell subsets are reduced in most patients with CVID [59] . However, caution must be exercised, as we have shown that these observations are not consistent when memory subsets are measured over time [73] . We suggest that only memory B cells, switched memory B cells and CD21low B cells be assessed on two occasions.
If there is an absence of B cells (<2% of total lymphocytes by flow cytometry), other disorders of B cell development such as Bruton's aggamaglobulinaemia and thymoma must be excluded. There is debate as to whether or not patients with absent B cells, but no other genetic defect, fall within the spectrum of CVID [59] .
IgG subclass deficiency is not an indication per se for immunoglobulin replacement, but IgG3 deficiency may be considered a supportive marker for an immune defect [60, 61] . In the context of a total IgG < 5 g/l, this will usually mean a reduction of IgG1 as well. IgG3 deficiency should be given similar status to impaired memory B cells. The significance of reduction or deficiency of IgG2 and IgG4 is less certain. Many normal individuals with absent IgG4 are in excellent health.
Given the difficulties measuring and interpreting vaccine responses, we suggest that these are placed in the category of supportive criteria. Again, if vaccine responses are being undertaken, it is important to compare the results with those of age-matched controls rather than protective levels. We suggest that adequate but transient vaccine responses should also be considered abnormal [62] . Serological support for patients with autoimmune manifestations in category B is included in this section.
Given the uncertainty about the relevance of mutations and polymorphisms of genes such as TACI, BAFF receptor and MSH5, we felt that these belong to this category. It is probable that more susceptibility genes/sequence variations will be identified with genome wide association studies and whole exome analysis [74] . Patients with well-characterized monogenic mutations of ICOS, CD19, CD20, CD21 and CD81 should not be considered to have CVID [10] . Mutation of any of these genes indicates permanent irreversible antibody failure, requiring lifelong immunoglobulin replacement. The indication to treat these rare patients with monogenic disorders with IVIG/scIg is clear, similar to those with Bruton's agammaglobulinaemia.
Category D criteria identify patients who have lesions which have been associated closely with CVID. Their presence requires histological confirmation. Only a minority of CVID patients will have the granulomatous variant, lymphoid interstitial pneumonitis, nodular hyperplasia of the gut or nodular regenerative hyperplasia of the liver, proved by biopsy [64] [65] [66] [67] 69] . Therefore, meeting this criterion is not required for the diagnosis, but their presence increases diagnostic certainty. Similarly, there may be histological support for CVID as many patients with CVID lack plasma cells on gut biopsy [70, 71] . Other histological findings such as villus atrophy are less specific for CVID, and have not been included in these criteria [75] .
Patients with CVID are predisposed to malignancy, particularly lymphoid malignancy [4] . We have not included malignancy in the proposed definition of CVID, as it may be difficult to determine if the hypogammaglobulinaemia is secondary to the cancer in these patients. Decisions to treat patients with IVIG/scIG who have malignancy and hypogammaglobulinaemia will depend upon clinical circumstances.
Patients classified as possible CVID include those meeting category A criteria alone as well as various other combinations, including AB, AC or AD, without meeting category B criteria. The combination AD may be less likely, as patients would usually be symptomatic before they underwent a biopsy. They would therefore fulfil category B criteria and be classified as probable CVID.
Some patients with possible CVID may not be symptomatic, i.e. they do not have category B symptoms. There are a small number of patients who have profound hypogammaglobulinaemia but are clinically well [13] . Many of these patients are identified during the course of other investigations, where their serum electrophoresis may reveal reduced staining in the gamma region. Some of these patients may have impaired vaccine responses within the limitations of the assays outlined above.
Such patients with possible CVID may also need to be treated with IVIG/scIG. For example, we recently described a patient with homozygous C104R deficiency of the TACI gene [13] . He has profound hypogammaglobulinaemia with an IgG of 1·6 g/l with excellent, albeit short-lived vaccine responses. He therefore does not meet the PAGID/ESID criteria for CVID. There is considerable uncertainty about his prognosis, given the unknown risk of bacterial sepsis and the risk of severe viral infections. Fatal septicaemia or meningitis may be the first clinical presentation in such patients. Clearly, these patients will require close long-term followup, as patients with symptomatic CVID can present in the seventh and eighth decades of life [4] . If such patients choose not to commence immunoglobulin treatment after in-depth discussion of risks, they should carry home antibiotics with a low threshold for seeking medical assistance. It is essential that sound clinical judgement is exercised in these challenging situations, which have serious medicolegal implications. In other cases of possible CVID there may be a role for a therapeutic trial of IVIG/scIG before a decision is made about long-term treatment.
There are patients with mild hypogammaglobulinaemia (IgG > 5 g/l) who do not meet any other criteria listed above. We suggest that these patients are termed hypogammaglobulinaemia of uncertain significance (HGUS) in analogy to patients with monoclonal gammopathies of undetermined significance (MGUS). Like MGUS patients, it is critical that HGUS patients are carefully evaluated periodically. A proportion of HGUS patients may develop symptoms or signs of an immune deficiency or autoimmunity over time. The New Zealand asymptomatic hypogammaglobulinaemia cohort was established in 2006 to identify risk factors for progression to CVID. Asymptomatic HGUS patients with slightly reduced IgG levels who do not meet criteria in categories A, B, C or D may not require immunoglobulin replacement therapy. These diagnostic criteria will also be helpful in distinguishing CVID from secondary causes of hypogammaglobulinemia [76] .
These diagnostic and treatment criteria will require international consensus and can be modified over the course of time as large cohorts of patients with CVID and hypogammaglobulinaemia are analysed in the future. It will be important to confirm that these criteria identify subsets of patients with predominantly inflammatory and autoimmune manifestations of CVID. This review is based on the work of eminent investigators of learned societies, whose work has been cited. We hope that these criteria will either be endorsed or refined by groups such as the British Society for Immunology (BSI), Australasian Society for Clinical Immunology and Allergy (ASCIA), PAGID, ESID, AAAAI and the WHO/IUIS expert committee on immunodeficiencies. Improved precision in diagnosis will assist with difficult decisions about which patients should be placed on long-term IVIG.
In summary, these criteria will assist with diagnosis and treatment decisions for CVID patients. Patients with probable CVID must meet all major criteria in category A in addition to criteria in categories B and C or D. These patients should be treated with IVIG/scIG, as they have symptoms of immune system failure with supportive laboratory evidence. Patients classified as possible CVID must meet category A criteria as well as other combinations of criteria shown in Fig. 1 . As shown here, some of these patients also need to be treated with IVIG/scIG. Clinical judgement is critical for this group of patients. Patients with mild hypogammaglobulinaemia (HGUS) may not need to be treated with IVIG/scIG.
The majority of CVID patients have reductions in IgA and/ or IgM as well as reduced memory B cells and impaired vaccine responses. These patients will meet both the ESID/PAGID criteria as well as the proposed criteria in this paper. In the future, sensitivity analyses will indicate if the number of criteria within categories B and C needs to be adjusted to improve specificity but retain sensitivity. This paper emphasizes the importance of clinical symptoms in the diagnosis of CVID. Secondly, we have shown why treatment decisions should not be based on vaccine responses alone, particularly if protective antibody levels are used. Lastly, while these criteria offer guidance for IVIG/ scIG treatment, this is not a substitute for good clinical judgement. These patients should be under the long-term care of experienced clinical immunologists.
